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ABSTRACT
Intrinsic galaxy shape and angular momentum alignments can arise in cosmological
large-scale structure due to tidal interactions or galaxy formation processes. Cosmo-
logical hydrodynamical simulations have recently come of age as a tool to study these
alignments and their contamination to weak gravitational lensing. We probe the red-
shift and luminosity evolution of intrinsic alignments in Horizon-AGN between z = 0
and z = 3 for galaxies with an r-band absolute magnitude of Mr 6 −20. Alignments
transition from being radial at low redshifts and high luminosities, dominated by the
contribution of ellipticals, to being tangential at high redshift and low luminosities,
where discs dominate the signal. This cannot be explained by the evolution of the frac-
tion of ellipticals and discs alone: intrinsic evolution in the amplitude of alignments is
necessary. The alignment amplitude of elliptical galaxies alone is smaller in amplitude
by a factor of ≃ 2, but has similar luminosity and redshift evolution as in current
observations and in the nonlinear tidal alignment model at projected separations of
>
∼ 1 Mpc. Alignments of discs are null in projection and consistent with current low
redshift observations. The combination of the two populations yields an overall ampli-
tude a factor of ≃ 4 lower than observed alignments of luminous red galaxies with a
steeper luminosity dependence. The restriction on accurate galaxy shapes implies that
the galaxy population in the simulation is complete only to Mr 6 −20. Higher reso-
lution simulations will be necessary to avoid extrapolation of the intrinsic alignment
predictions to the range of luminosities probed by future surveys.
Key words: cosmology: theory — gravitational lensing: weak – large-scale structure
of Universe — methods: numerical
1 INTRODUCTION
The shapes and spins of galaxies are stretched and torqued
by tides across the Universe, influenced by star forma-
tion and mergers, such that their intrinsic shapes and
orientations are correlated over a large range of scales.
These intrinsic alignments of galaxies constitute a con-
taminant to weak gravitational lensing, potentially bias-
ing contraints on the evolution of dark energy from fu-
ture surveys if unaccounted for (Kirk, Bridle & Schneider
2010; Kirk et al. 2012; Krause, Eifler & Blazek 2016). Sur-
veys such as Euclid 1 (Laureijs et al. 2011), the Large
⋆ elisa.chisari@physics.ox.ac.uk
1 http://sci.esa.int/euclid
Synoptic Survey Telescope2(Ivezic et al. 2008, LSST) and
WFIRST3 (Green et al. 2011), expect to put General Rel-
ativity to the test by measuring gravitational lensing dis-
tortions on galaxy shapes to quantify the evolution of the
dark energy equation of state over the history of the Uni-
verse. Marginalization and mitigation schemes have been
developed to suppress the impact of alignments on lens-
ing (King 2005; Zhang 2010; Joachimi & Schneider 2008;
Joachimi & Bridle 2010; Joachimi et al. 2011), but the suc-
cess of these techniques can be improved with prior knowl-
edge of the strength, dependence of galaxy-type, redshift
and luminosity evolution of the alignment signal.
2 http://www.lsst.org
3 http://wfirst.gsfc.nasa.gov/
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Recently, several studies (Codis et al. 2015;
Tenneti et al. 2015; Tenneti, Mandelbaum & Di Matteo
2015; Chisari et al. 2015a; Velliscig et al. 2015b) have been
devoted to measuring intrinsic alignments in hydrodynami-
cal cosmological simulations. In Chisari et al. (2015a), here-
after Paper I, we measured intrinsic alignments at z = 0.5
in the Horizon-AGN simulation (Dubois et al. 2014), a
hydrodynamical cosmological simulation of (100 h−1Mpc)3
comoving volume. We showed that two alignment mecha-
nisms are present for disc-like and spheroidal galaxies. The
orientation of discs tends to be tangential about spheroidals,
while those galaxies tend to point towards each other. We
also presented projected correlation functions of galaxy
shapes and the dark matter density field and model fits to
those quantities. The strength of alignment for the highest
luminosity galaxies was in agreement with predictions
from other simulations (Tenneti et al. 2015). However,
Tenneti, Mandelbaum & Di Matteo (2015) found no evi-
dence for a disc-alignment mechanism different than for
ellipticals in either the MassiveBlack II smoothed-particle-
hydrodynamics simulation (Khandai et al. 2015), or in
the moving-mesh Illustris simulation (Vogelsberger et al.
2014). The reason for this discrepancy remains currently
unknown, but is possibly related to the implementation of
different baryonic prescriptions in these simulations. A mass
transition has been identified in the Horizon-AGN simula-
tion (Dubois et al. 2014; Welker et al. 2014), whereby less
massive halos transition from a parallel alignment between
galaxy spins and the direction of the nearest filaments to a
perpendicular alignment. This transition is consistent with
recent observations (Tempel & Libeskind 2013), numerous
measurements in dark matter simulations (e.g. Codis et al.
2012, and references therein) and tidal torque theory
(Codis, Pichon & Pogosyan 2015), though it is not seen in
the MassiveBlack II simulation (Chen et al. 2015).
In this work, we extend the study presented in Paper
I by probing the redshift and luminosity dependence of the
alignment signal in Horizon-AGN from z = 0 to z = 3 and
for galaxies with r-band absolute magnitude Mr 6 −20.
Taking this step is crucial for understanding the physical
mechanisms that give rise to alignments, comparing to the-
oretical predictions and making forecasts of the intrinsic
alignment contamination to weak lensing surveys. On the
other hand, information on the redshift evolution of the
alignment signal can also help us understand the discrep-
ancies between different hydrodynamical simulations.
This work is organised as follows. In section 2, we give
an overview of the properties of the Horizon-AGN simula-
tion, including the galaxy catalogue and the computation of
galaxy shapes. In section 3, we define the correlation func-
tions used to measure alignments in this work, along with
the accompanying modelling. We present our results in sec-
tion 4, followed by discussion in section 5 and conclusions in
section 6. The appendices of this work include a discussion
on the impact of more realistic galaxy colours (Appendix A)
and the presentation of the complete set of alignment corre-
lations, which expands on the summary of the results pre-
sented in section 4.
2 THE HORIZON-AGN SIMULATION
Horizon-AGN (Dubois et al. 2014) is a cosmological hydro-
dynamical numerical simulation run using the adaptive mesh
refinement code ramses (Teyssier 2002). The cosmological
box is 100 h−1Mpc in each dimension and cosmological pa-
rameters are matched to a Λ Cold Dark Matter WMAP7
cosmology (Komatsu et al. 2011). For this cosmology, the
total matter density is Ωm = 0.272, the dark energy density
is ΩΛ = 0.728, the amplitude of the matter power spectrum
is σ8 = 0.81, the baryon density is Ωb = 0.045, the Hub-
ble constant adopted is H0 = 70.4 kms
−1Mpc−1, and the
power-law index of primordial fluctuations is ns = 0.967.
Horizon-AGN uses 7 levels of refinement, reaching a resolu-
tion of ∆x = 1kpc following a quasi-Lagrangian criterion.
The volume is filled with 10243 dark matter particles, cor-
responding to a dark matter mass resolution of 8× 107M⊙.
Star formation follows a Schmidt law and is trig-
gered wherever the hydrogen gas number density ex-
ceeds n0 = 0.1 cm
−3 following a Poisson random pro-
cess (Rasera & Teyssier 2006; Dubois & Teyssier 2008). The
stellar mass resolution is M∗,res ≃ 2× 106M⊙.
Following Haardt & Madau (1996), heating from a uni-
form UV background is considered after zreion = 10, the
reionization redshift. Gas cools via H and He cooling down
to 104K, and the contribution from metals is accounted for
(Sutherland & Dopita 1993). Metallicity is a passive vari-
able of the gas, which changes according to the injection of
gas ejecta from supernovae explosions and stellar winds (for
details, see Dubois et al. 2014). Horizon-AGN includes feed-
back from Active Galactic Nuclei (AGN, Dubois et al. 2012)
assuming a Bondi-Hoyle-Lyttleton accretion rate M˙BH onto
black holes capped at the Eddington rate, M˙Edd. AGN feed-
back is modelled with two modes: the radio jet mode, active
when M˙BH/M˙Edd < 0.01, and the quasar heating mode, op-
erating otherwise (see Dubois et al. 2012, 2014 for details).
Black hole relations to galaxy properties and AGN pop-
ulations (Volonteri et al. 2016), as well as galaxy properties
are reasonably well reproduced in Horizon-AGN (Kaviraj et
al, in prep.; Dubois et al, in prep.). Thus, it is unique tool
to infer alignments of galaxies in the cosmic web.
2.1 Galaxy catalogue
In each redshift snapshot of Horizon-AGN, we rely on the
distribution of stellar particles to identify galaxies. The
AdaptaHOP finder (Aubert, Pichon & Colombi 2004) looks
for the twenty nearest neighbours of each stellar particle and
computes the local density around it. Only over-densities
above a threshold of ρt = 178 times the average total mat-
ter density are considered further. The final mock catalogues
solely include structures of > 50 stellar particles. The mass
of a galaxy identified by AdaptaHOP is the sum of the
masses of its stellar particles.
We use stellar population models
from Bruzual & Charlot (2003a) with a Salpeter ini-
tial mass function (Salpeter 1955) to synthesize absolute
AB magnitudes and rest-frame colours of mock galaxies.
The contribution of each star particle to the flux per
frequency depends on its mass, age and metallicity. We
sum these contributions and filter them through u, g, r,
and i bands from the Sloan Digital Sky Survey (SDSS,
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Gunn et al. 2006). In the main body of this manuscript, we
work with dust-free rest-frame fluxes (without accounting
for redshifting). We assess the impact of more realistic flux
and colour modelling in Appendix A.
2.2 Shapes and spins
For each galaxy, its three dimensional shape is characterised
by the simple inertia tensor,
Iij =
1
M∗
N∑
n=1
m(n)x
(n)
i x
(n)
j . (1)
where i, j = 1, 2, 3 correspond to the cartesian axes of the
simulation box, M∗ =
∑N
n=1m
(n) is the stellar mass, m(n)
is the mass of the n-th stellar particle and x(n), its position
in the box with respect to the center of mass of the galaxy.
We will also present results obtained by measuring galaxy
shapes using the reduced inertia tensor, which is given by
I˜ij =
1
M∗
N∑
n=1
m(n)
x
(n)
i x
(n)
j
r2n
, (2)
where rn = ||x(n)|| is the three dimensional distance of the
stellar particle n from the center of mass of the galaxy. Each
inertia tensor is diagonalised to obtain the unit eigenvectors.
The one with the smallest eigenvalue represents the orien-
tation of the minor axis of the galaxy.
We measure the projected shape of a galaxy from the
projected inertia tensor, given by equation (1) restricted to
x and y (i, j = 1, 2). This projected inertia tensor is diago-
nalised to obtain the unit eigenvectors corresponding to the
smallest (λ1) and largest (λ2) eigenvalues, which represent
respectively the semiminor and semimajor axis of the ellip-
soid.
The inclusion of weights ∝ r−2n in the contribution of
each particle to the reduced inertia tensor is a closer rep-
resentation of the observed shape of a galaxy as measured
by shear estimation for weak gravitational lensing, compared
to applying equal weights. Other works (Tenneti et al. 2014)
have explored the application of iterative algorithms to re-
duce the impact of the spherical symmetry imposed by r−2n
weights. In this work, we will only consider the simple and
the reduced inertia tensor cases. We expect that an itera-
tive procedure would produce results bracketed by those two
choices.
The axis ratio of the galaxy, q = b/a, is related to the
ratio of the semiminor to semimajor axes (b =
√
λ1, a =√
λ2). The complex ellipticity, typically used in weak lensing
measurements, is given by
(e+, e×) =
1− q2
1 + q2
[cos(2φ), sin(2φ)] , (3)
where φ is the orientation angle of the semimajor axis, + in-
dicates the radial component of the ellipticity and × is the
45 deg-rotated component. By convention, we represent ra-
dial alignments as having negative e+ (gravitational lensing
yields a signal with the opposite sign).
We also consider the orientation of the “spin” – the
intrinsic angular momentum of the galaxy –, obtained as
L =
N∑
n=1
m(n)x(n) × v(n) , (4)
Figure 1. The fractional difference in the distribution of Mr ,
rest-frame absolute magnitudes in the r−band, for galaxies with
> 300 particles and for the complete galaxy catalogue (> 50 stel-
lar particles), for different redshifts. The choice of absolute magni-
tude bins for the measurement of intrinsic alignments is indicated
with the vertical dashed lines: Mr 6 −22, −22 < Mr 6 −21 and
−21 < Mr 6 −20. A large fractional difference represents missing
galaxies at that Mr in the > 300 particle sample.
where v(n) is the velocity of each particle relative to the
center of mass.
2.3 Completeness
Studies of intrinsic alignments in simulations rely on se-
lecting a sample of galaxies with well-defined shapes.
To this end, it is usual to impose cuts on the num-
ber of stellar particles required (Tenneti et al. 2014, 2015;
Chisari et al. 2015a; Tenneti, Mandelbaum & Di Matteo
2015; Velliscig et al. 2015a,b). Naturally, this results in a
lower limit in the stellar mass of galaxies for which the align-
ment signal is measured. Both in Paper I and in this work,
we only consider galaxies with > 300 stellar particles, which,
given our resolution, results in an effective cut on stellar
mass of 109 M⊙. In addition, this determines a lower lumi-
nosity threshold below which the sample of galaxies suffers
from incompleteness. Fig. 1 shows the fractional difference
in the distribution of r-band absolute magnitudes for galax-
ies with > 300 stellar particles and for all galaxies (> 50
stellar particles) in Horizon-AGN and for different redshifts
in the range 0.06 < z < 3. A large fractional difference rep-
resents missing galaxies at that Mr for the > 300 particle
sample.
The completeness of the sample with measured shapes
evolves with redshift such that at lower redshifts, we are
complete to lower luminosities. The sample of galaxies with
well-converged shapes becomes incomplete at z > 3 for
Mr > −20. We thus establish a minimum luminosity thresh-
old of Mr 6 −20. To measure the intrinsic alignment signal
as a function of luminosity, we divide the sample of galaxies
at each redshift into three luminosity bins, whose bound-
aries are indicated by the vertical dashed lines: Mr 6 −22,
−22 < Mr 6 −21 and −21 < Mr 6 −20. In Paper I, we
found a non-monotonic dependence of intrinsic alignment
amplitude with luminosity that originated in the alignment
of low luminosity ellipticals. Due to incompleteness, we can-
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not probe this population over all of the redshift range of
interest, 0 < z < 3, and we discuss the implications in sec-
tion 5.
2.4 Substructure hierarchy
AdaptaHOP identifies galaxies with different hierarchy lev-
els, i.e., some galaxies are identified as substructures around
a central galaxy. In Fig. 2, we show an example of sub-
structures identified by AdaptaHOP around one of the most
massive galaxies of Horizon-AGN at z = 0.06. The left panel
shows the distribution of stellar particles around a massive
central galaxy projected along one of the directions of the
box. The middle panel shows the stellar particles that be-
long to the central galaxy (in grey) and higher level galaxies
around it, all of them with > 300 stellar particles (differ-
ent colours are used for each galaxy). Only four galaxies
in this figure are third level of the hierarchy (substructure
of substructure), and they are colour-coded in blue in the
right panel, while second level galaxies are shown in yel-
low. Some satellites present in the left panel are classified as
high level, and are not shown in the other panels. It as also
worth noting that AdaptaHOP does not link stellar particles
in the circum-galactic medium with any particular galaxy,
and thus they do not contribute towards measuring galaxy
ellipticities. Including them could potentially increase align-
ment amplitude, particularly those measured with the sim-
ple inertia tensor. However, the observability of stars in the
circum-galactic medium depends on the surface brightness
limit of future surveys.
Unless otherwise specified, we will consider all galax-
ies with more than > 300 particles as contributors to the
intrinsic alignment signal, regardless of their level in the
hierarchy. However, we will discuss in section 4.2.2 the im-
plications of this criterion. The second option we consider in
that section is the case where all stellar particles belonging
to higher level galaxies actually become part of the cen-
tral galaxy. Notice that this is equivalent to exploring the
impact of inefficient “de-blending”. We do not attempt to
mimic the exact performance of future surveys, but provide
these cases as a qualitative estimate of the impact of sub-
structure on intrinsic alignment correlations, especially at
small separations. In practice, realistic image simulations
with appropriate surface brightness cuts, point spread func-
tion convolution and detector systematics are required to
match the observing conditions expected for Euclid, LSST
and other weak lensing surveys.
3 CORRELATION FUNCTIONS
3.1 Definitions
As in Paper I, we define the correlation between the orienta-
tion of the unit eigenvectors corresponding to the minor axis
of a galaxy, uˆ and the comoving separation vector between
galaxies, r, as
ηe(r) = 〈|rˆ · uˆ(x+ r)|2〉 − 1/3 , (5)
with rˆ = r/||r||. A negative correlation is indicative of the
minor axis pointing perpendicular to the separation vector,
hence, of the galaxy being aligned radially towards the ori-
gin. A positive ηe corresponds to a tendency for the sepa-
ration vector and the minor axis of a galaxy to be parallel,
or equivalently, for the galaxy to be elongated tangentially
around the reference point. Analogously, we will refer to ηs
as the equivalent expression to equation (5) when the orien-
tation of a galaxy is determined from its spin
ηs(r) = 〈|rˆ · Lˆ(x+ r)|2〉 − 1/3 , (6)
with Lˆ = L/||L||. We will also consider projected correla-
tions, which are frequently used in observational studies to
measure intrinsic alignments of galaxies. The dataset of trac-
ers of the density field is referred to as D; the set of galaxies
with ellipticities, as S+ (for the tangential ellipticity compo-
nent of equation 3, and similarly for the × component); and
we consider two sets of random points uniformly distributed
in the simulation box, RS (matching the total number of
galaxies with shapes) and RD (matching the number count
in the density sample). From these data sets, we construct an
estimator of the redshift-space correlation function of galaxy
shapes and positions of density tracers, ξδ+(rp,Π) as a func-
tion of projected separation, rp, and along the line of sight,
Π. This is given by
ξδ+(rp,Π) =
S+D
RSRD
, (7)
S+D =
∑
(rp,Π)
e+,j
2R , (8)
where R is the responsivity factor (Bernstein & Jarvis
2002), R = 1 − 〈e2〉, e+,j is the tangential/radial compo-
nent of the ellipticity vector of galaxy j, 〈e2〉 is the root
mean square ellipticity per component, and the sum is over
galaxy pairs in given bins of projected radius and line of sight
distance. We project this correlation by projecting along one
of the coordinate axes of the simulation box by integrating
between −Πmax < Π < Πmax,
wδ+(rp) =
∫ Πmax
−Πmax
dΠ ξδ+(rp,Π) , (9)
where we take Πmax = ℓ/2, half the length of the sim-
ulation box. Tenneti et al. (2015) similarly adopt half of
their simulation box for Πmax. Observational constraints
on alignments are typically obtained adopting Πmax =
60h−1Mpc for spectroscopic samples (Mandelbaum et al.
2006a; Hirata et al. 2007) and no increase in the align-
ment signal is found from including information beyond this
range. When the tracers of the density field are galaxies, we
refer to the projected correlation functions of the two ellip-
ticity components as wg+ and wg×. Otherwise, to construct
the density field, we subsample the DM particles adopting
the same criterion as in Paper I and in Tenneti et al. (2015);
in Paper I, sub-per cent sampling of the DM particles guar-
anteed convergence to 10% in the DM clustering correlation
function.
Alignments in three dimensions are typically measured
to higher significance in the simulation than projected statis-
tics (equation 9). Projections lower the significance of the
alignment signal because pairs with large separations along
the line of sight (and low correlation in three dimensions)
contribute weakly to the projected correlation. Moreover,
weighting by ellipticity also dilutes the correlation found in
three dimensions, as low ellipticity galaxies make a weak
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Figure 2. We show one of the most massive galaxies in Horizon-AGN at z = 0.06 to illustrate the presence of different hierarchy galaxies
as found by AdaptaHOP. The left panel shows the projected stellar density in a cube of ∼ 1.2 Mpc a side. The middle panel shows
the stellar particles of the central galaxy in grey and all other galaxies (higher in the hierarchy) in different colours. In the right panel,
we show once more the central galaxy in grey, while the yellow points correspond to stellar particles of galaxies ranked second in the
hierarchy (substructures), and blue points, to stellar particles of galaxies ranked third in the hierarchy (sub-substructures).
contribution even if their orientation vectors are aligned in
three dimensions with the surrounding large-scale structure.
Hence, it is useful to complement the measured projected
signal with the three dimensional information on relative
orientations accessible in the simulation.
Unless otherwise noted, the uncertainties in the pro-
jected correlation functions, including both the dispersion
in the intrinsic shapes (“shape noise”) and cosmic vari-
ance of modes within the simulation box, are obtained from
jackknife resampling (Hirata et al. 2004; Mandelbaum et al.
2006b). We divide the simulation box into cubes of length
ℓ/4 in each dimension, which are removed one by one in
each jackknife iteration. Due to the limited size of the box,
it is expected that the error bars could be underestimated at
large scales. In section 4 and for computational reasons, we
will consider the shape noise variance alone when the con-
clusions drawn are qualitative only. Notice that we found in
Paper I that the overall uncertainty including cosmic vari-
ance can be a factor of 1− 4 greater than the bin variance
at small scales (< 1h−1 Mpc), and up to an order of magni-
tude greater at the largest scales probed in this work (20 h−1
Mpc).
The effect of grid-locking arising from correlations of
galaxy spins and shapes with the simulation grid, was stud-
ied in detail in Appendix A of Paper I, where we showed
that position-shape and position-spin correlations are not
affected by those systematics. While shape-grid or spin-grid
correlations exist and depend on galaxy properties, there
is no expected effect on the correlation of positions and
shapes as galaxy separations are not grid-locked. We refer
the reader to Paper I for more details on the jackknife re-
sampling procedure and grid-locking contamination.
3.2 Modelling
Alignments of luminous red galaxies are typically modelled
assuming that the intrinsic component of the shape is
proportional to the projected tidal field of the large-scale
structure (Catelan, Kamionkowski & Blandford 2001),
γI(+,×) ∝ C1T(+,×)[φp], where C1 is a bias quantifying the
response of a galaxy to the tidal field, T(+,×) are the compo-
nents of the projected tidal operator and φp is the primordial
gravitational potential at the redshift of galaxy formation.
While this model should only strictly be applied to elliptical
galaxies and in the linear regime, several works have applied
the tidal alignment model to the disc population as well
(Mandelbaum et al. 2011; Heymans et al. 2013). Recently,
Larsen & Challinor (2015) validated this approach by show-
ing that the scale-dependence of the tidal alignment model
is a good approximation to that arising from a tidal torquing
model for discs (Catelan, Kamionkowski & Blandford 2001;
Mackey, White & Kamionkowski 2002; Hirata & Seljak
2004). Under these assumptions, the power spectrum of the
density field and the + component of galaxy shapes can be
expressed as,
Pδ+(k, z) = −AI C1ρcritΩm
D(z)
k2x − k2y
k2
Pδ(k, z) , (10)
where ρcrit is the critical density of the Universe today, D(z)
is the growth function (normalized to unity at z = 0), kx
and ky are the components of the wavemode vector on the
sky, and Pδ is the matter power spectrum. We adopt by
convention a fixed value of C1ρcrit = 0.0134 (Brown et al.
2002, from SuperCOSMOS measurements at low redshift)
and we instead leave the AI parameter free. A simple non-
linear extension of the model replaces the linear matter
power spectrum in equation (10) by its nonlinear analogue
(Hirata et al. 2007; Bridle & King 2007, ‘NLA model’),
although there is evidence that this results in missing
power at small scales (Singh, Mandelbaum & More 2015;
Blazek, Vlah & Seljak 2015). In some works, a smoothing
filter is applied to the NLA model to suppress the contribu-
tion of the tidal field within the typical scale of a halo (e.g.
Catelan, Kamionkowski & Blandford 2001; Hirata & Seljak
2004; Blazek, McQuinn & Seljak 2011; Chisari & Dvorkin
2013). In these cases, the smoothing scale is another free
parameter of the model. We do not apply any smoothing
kernel in this work.
The projected correlation function of galaxy intrinsic
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shapes and the density field is
wδ+(rp) = −AI C1ρcritΩm
π2D(z)
∫ ∞
0
dkz
∫ ∞
0
dk⊥
k3⊥
(k2
⊥
+ k2z)kz
Pδ(k, z) sin(kzΠmax)J2(k⊥rp), (11)
where rp is the projected radial separation, kz is the Fourier
mode component along the line of sight, k⊥ is the component
perpendicular to the line of sight and J2 is the second order
Bessel function of the first kind. Notice that the value of
Πmax is incorporated into the modelling and thus AI should
be insensitive to our particular choice for this parameter.
The × component correlation is expected to be null and we
consider it only as a test for systematics.
Observations have shown evidence of increased nonlin-
ear power in alignments with respect to the predictions of
the NLA model. This excess power was modelled by the ad-
dition of a one-halo contribution (Schneider & Bridle 2010;
Singh, Mandelbaum & More 2015). The contribution to the
correlation function of the one-halo term is
w1hδ+ =
∫
dk⊥
2π
k⊥P
1h
δ,γI (k⊥, z)J0(k⊥rp) , (12)
where P 1hδ,γI is the alignment one-halo power spectrum
(Schneider & Bridle 2010) and J0 is the zeroth order Bessel
function of the first kind. A set of constants parametrize
P 1hδ,γI , given by
P 1hδ,γI (k, z) = −ah
(k/p1)
2
1 + (k/p2)p3
, (13)
where ah is the halo model alignment amplitude. The pa-
rameters p1, p2, and p3 are redshift-dependent and given by
the following functional forms,
p1 = q11 exp(q12z
q13),
p2 = q21 exp(q22z
q23),
p3 = q31 exp(q32z
q33). (14)
We adopt the values of qij given in Table 1 of
Singh, Mandelbaum & More (2015), obtained from fits to
measured alignments of LRGs in SDSS. However, we will
find the need to fit for some of them in section 4. Through-
out this work, we will use the convention that radial align-
ments correspond to negative values of wδ+ and, as in Pa-
per I, we will restrict the halo model fits to small scales:
rp < 0.8 h
−1Mpc.
We model galaxy position-intrinsic shape correlations
simply as wg+ = bgwδ+, where bg is the linear galaxy bias.
Note that any scale dependence of the galaxy bias is thus
attributed to the alignment model through wδ+. As a result,
fits to AI in the case of wg+ and wδ+ are not directly com-
parable except at large scales, but modelling the small scale
dependence of bg is beyond the scope of this work.
4 RESULTS
We present results for the redshift and luminosity evolution
of intrinsic alignments from Horizon-AGN in the redshift
range: 0.06 < z < 3, covering the range expected to be
of relevance for the LSST survey, and exceeding the cov-
erage needed for Euclid. Due to our selection of galaxies
with > 300 stellar particles, we apply a minimum thresh-
old in luminosity of Mr 6 −20 (section 2.3), above which
the galaxy population is complete over the entire redshift
range probed. We divide the galaxies into three luminosity
bins: −21 < Mr 6 −20, −22 < Mr 6 −21 and Mr 6 −22.
We work with rest-frame magnitudes that do not account for
dust extinction; this makes our results more directly compa-
rable to previous works. We gauge the impact of more real-
istic magnitudes (including dust, K-corrections, a Chabrier
initial mass function and a metallicity correction) on the lu-
minosity and redshift dependence of the alignment signal in
Appendix A.
4.1 Elliptical and disc fractions
In Paper I, we identified two mechanisms for galaxy align-
ments at z = 0.5 in Horizon-AGN. Discs have a tendency for
tangential alignments around overdensities, while ellipticals
tend to be elongated pointing towards them. In that work,
we used a threshold of tangential velocity to velocity disper-
sion, V/σ > 0.55, to define discs. Here, V is the average of
the tangential velocities of stars, and σ2 = (σ2r +σ
2
t +σ
2
z)/3,
where σr, σt, and σr are the dispersions around the average
value of the radial, tangential, and vertical velocity compo-
nents respectively in the cylindrical coordinates defined by
the z-vertical spin axis of the galaxy.
The choice of this threshold was based on requiring
that 2/3 of the galaxy population fell into the disc category.
Moreover, Dubois et al. (2014) found that galaxies below
V/σ = 0.6 displayed a different alignment trend with respect
to their nearest filament than galaxies above that thresh-
old at z = 1.2 in Horizon-AGN. We adopt once more the
V/σ = 0.55 threshold in this section to differentiate the two
populations. The distribution of galaxies in the V/σ −Mr
plane for redshifts z = {0.06, 1.5, 3} is shown in Fig. 3, and
the boundaries of the different luminosity bins are indicated
by dashed vertical lines. The highest luminosity bin has a
larger contribution from elliptical galaxies and the mean
V/σ decreases towards low redshifts. Lower luminosity bins
typically have larger contributions from disc-like galaxies,
although we also find that a population of low luminosity
ellipticals builds up towards lower redshift.
We measure the fraction of ellipticals and discs as a
function of redshift and luminosity in the simulation. This
provides complementary information to the intrinsic align-
ment signal per se. In Fig. 4, we show the fraction of discs
and ellipticals in each luminosity bin as a function of red-
shift. The elliptical fraction increases towards low redshift
due to the build up of the red sequence. Their fraction is
most significant at high luminosities and decreases almost
monotonically with luminosity. However, Fig. 3 shows the
appearance of a population of ellipticals with Mr > −20 to-
wards z = 0.06. This population is beyond our completeness
limit at higher redshift and is not studied here. The non-
monotonic mass-dependence of the alignment signal mea-
sured in Paper I at z = 0.5 was in fact attributed to low
luminosity ellipticals. We will discuss their contribution fur-
ther in section 5.
The comoving number density of ellipticals with Mr 6
−20 is approximately 48 × 10−4 h−3 Mpc−3 at z = 0.06
and decreases with redshift to ≃ 26 × 10−4 h−3 Mpc−3 at
z = 3. In comparison, the LOWZ sample of the SDSS-III
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Figure 3. Distribution of V/σ and r-band rest-frame absolute magnitude (Mr) at redshifts z = 0.06 (left), z = 1.5 (middle) and z = 3
(right). The dashed vertical lines indicate the boundaries of the luminosity bins considered for the intrinsic alignment measurements in
this work. Galaxies at higher redshift tend to have uniformly higher V/σ at all luminosities, while the build up of the elliptical population
at lower redshift results in a decrease of V/σ.
survey (Singh, Mandelbaum & More 2015) has an average
comoving number density of n¯ ∼ 3 × 10−4 h−3 Mpc−3 be-
tween 0.16 < z < 0.36 and an average rest-frame r-band
magnitude between −21.95 < 〈Mr〉 < −21.65 in that red-
shift range. Selecting ellipticals within that magnitude range
in Horizon-AGN, we obtain n¯ ∼ 5 × 10−4 h−3 Mpc−3 at a
comparable redshift. We do not expect to match exactly the
selection effects of the LOWZ sample, since we do not in-
clude colour cuts or fibre collision effects, which can play a
relevant role. However, it is encouraging to find similar order
of magnitude counts by dynamical and luminosity selection.
4.2 Spin and shape correlations
In this section, we present three dimensional correlation
functions of the shapes and spins, and projected correla-
tion function of projected shapes (see section 3) with re-
spect to the position of the DM particles and the galaxies
in the simulation box. We complement these measurements
by measuring distributions of angles between the orienta-
tion of the minor and spin axes (not shown in the figures).
To assess the significance of each alignment measurement,
projected and three-dimensional, we use the full covariance
matrix obtained through the jackknife procedure. We per-
form least-squares fits to the projected correlation functions
of alignments, wg+ and wδ+, using the NLA model and the
halo model introduced in section 3.2. We apply least squares
minimization using the diagonal of the covariance matrix to
obtain constraints on the preferred parameters and their 1σ
uncertainty. Note that the use of the diagonal of the covari-
ance in the fits usually increases the strength of alignments
compared to using the full covariance; in this sense, if the
goal is to establish upper limits to alignment contamination
to future weak lensing surveys, we are conservative in our
estimate of alignment amplitudes. The covariance between
adjacent bins can reach up to ∼ 70% level on large scales.
4.2.1 Relative orientations at z = 0
We find the strongest alignment signal at low redshift and we
discuss those results separately in this section. At z = 0.06,
the alignment signal is the strongest for the most luminous
galaxies (Mr 6 −22). The ηe and ηs statistics for this pop-
ulation are shown in Fig. 5. The negative trend in that
Figure 4. Fraction of discs and ellipticals in Horizon-AGN in
each luminosity bin as a function of redshift. We adopt a cut
in V/σ = 0.55 to separate the two populations. The elliptical
fraction increases towards low redshift, particularly for the highest
luminosity bin. The total comoving number density of ellipticals
with Mr 6 −20 ranges between 48 × 10−4 h3Mpc3 and 26 ×
10−4 h3Mpc3 from z = 0 to z = 3.
panel indicates that both the spin and the minor axis of
these galaxies are pointing tangentially around DM over-
densities. This is equivalent to galaxies having their major
axes laying parallel to the direction of the separation vector
towards DM overdensities. This tendency coincides qualita-
tively with observational results for shape alignments of lu-
minous red galaxies (Mandelbaum et al. 2006a; Hirata et al.
2007; Okumura, Jing & Li 2009; Joachimi et al. 2011;
Singh, Mandelbaum & More 2015). The amplitude of the
signal depends on the observable: the reduced inertia ten-
sor enhances the contribution of stellar particles closer to
the center, and results in rounder shapes and lower align-
ment correlation than the simple inertia tensor. Never-
theless, both types of shape correlations are detected at
> 99.99% confidence level (C.L. hereafter). Other authors
(Singh & Mandelbaum 2015) have attributed the stronger
alignment signal of the simple inertia tensor as coming from
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Figure 5. ηe(r) and ηs(r) at z = 0.06 for galaxies with Mr 6
−22, obtained from orientations around DM particles. Orienta-
tions as defined from the simple inertia tensor are represented as
circles; from the reduced inertia tensor, as squares; and for the
spin, as triangles. The dashed red line represents ηe(r) for ellip-
ticals using the simple inertia tensor as the shape tracer. The
dashed blue line corresponds to ηs(r) for discs. The plotted error
bars are obtained by means of the jackknife procedure. Ellipticals
dominate the alignment signal, with their minor axes pointing
tangentially around DM overdensities (corresponding to a nega-
tive ηe).
a more efficient twisting of the outer isophotes of galaxies in
the direction of the tidal field.
For this population, we also find a trend for the spin to
be pointing perpendicular to the separation vector at 99.7%
C.L. From the distributions of relative angles between spin
and minor axes, we have confirmed that galaxies tend to
have their spin and minor axes aligned with each other;
although the level of correlation depends on V/σ and lu-
minosity. The median misalignment angle of the spin and
minor axis is high for elliptical galaxies, ranging between
∼ 15 − 30 deg, with lower values for lower luminosities and
the reduced inertia tensor. For discs, the spin and the mi-
nor axis are better correlated, with a median misalignment
of ∼ 3 − 6 deg depending on luminosity and shape estima-
tor. As for ellipticals, the misalignment decreases for lower
luminosities and the reduced inertia tensor.
Splitting the population ofMr 6 −22 galaxies into discs
(blue dashed representing their spin in Fig. 5) and ellipticals
(red dashed representing the minor axis orientation), we find
that the radial alignment signal with respect to the DM field
is, overall, due to the elliptical population. It is also clear
that the radial alignment of ellipticals is a decreasing func-
tion of luminosity for the simple inertia tensor. When the
reduced inertia tensor is used, the highest luminosity sample
of ellipticals shows a clear enhancement of alignment, while
lower luminosity galaxies tend to show comparable align-
ment at this redshift. The overall amplitude and significance
of the alignment signal of ellipticals is reduced when aver-
aged together with the disc population. The complete set of
ηe and ηs correlations as a function of luminosity, redshift
and V/σ can be found in Fig. B1 of Appendix B.
Alignment trends of low and intermediate luminosity
Figure 6. ηe(r) for ellipticals around ellipticals in the different
luminosity bins. The red line indicates the alignment of the minor
axes of luminous (Mr 6 −22) ellipticals around other luminous
ellipticals; the pink line corresponds to the orientation of low lu-
minosity (−21 < Mr 6 −20) ellipticals around luminous ellipti-
cals; and the violet line, to those of luminous ellipticals around
low luminosity ellipticals. A negative sign for ηe corresponds to
a tangential orientation of the minor axis of the shape (u) tracer
around the density (δ) tracer. The plotted error bars correspond
to the bin variance alone; while this underestimates the true un-
certainty, this figure is only shown for a qualitative purpose only.
Figure 7. ηe(r) for ellipticals and ηs for discs with Mr 6 −22 at
z = 0.06, calculated around ellipticals and discs. We use the sim-
ple inertia tensor as shape tracer for the ellipticals. Black circles
correspond to ellipticals around ellipticals; blue triangles, to el-
lipticals around discs; red squares, to discs around ellipticals and
magenta stars, to discs around discs. Ellipticals are elongated
towards other ellipticals and towards overdensities of discs. The
plotted error bars correspond to the bin variance alone; while this
underestimates the true uncertainty, this figure is only shown for
a qualitative purpose only.
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Figure 8. Projected correlation functions of alignments at z =
0.06. The two panels show wδ+ for the simple inertia tensor
(top) and wg+ using the simple inertia tensor (bottom). The
colours indicate the different magnitude bins: Mr 6 −22 (black),
−22 < Mr 6 −21 (red) and −21 < Mr 6 −20 (blue); and the
components (NLA+halo model) of the best fit (grey) to the high-
est luminosity bin results. Note the change between logarithmic
scale and linear scale in the y-axis at wg+ = −20, indicated by
a dotted black line. The solid lines indicate the scenario where
substructures with > 300 particles are identified as galaxies. The
dashed lines correspond to the case where the stellar particles of
substructures are considered as part of the corresponding central
galaxy. The two procedures mostly yield consistent results within
the error bars for wδ+; some departures are seen between the two
measurements at small scales in the case of wg+.
galaxies at this redshift retain a > 3σ significance for mea-
surements performed with the simple inertia tensor. This
suggests that there is an interplay between the fraction of
ellipticals and the strength of alignment in each luminos-
ity bin to yield the alignment signal of all galaxies, ellipti-
cals and discs. As ellipticals are pressure-supported systems,
their spin is a noisy quantity, and it is thus expected that
the spin alignment signal would be smaller than the shape
alignment for this population. On the other hand, there is
no evidence for alignment of discs at this redshift.
Correlations of galaxy orientations around galaxies give
additional information on the dependence of alignments
with environment. We split the galaxy population in each
luminosity bin into discs and ellipticals and we measure rel-
ative orientations between them and also with respect to
discs and ellipticals of different luminosities. We find that
ellipticals present the strongest alignment around other el-
lipticals of the same luminosity. The alignment decreases
as the shape tracer and/or the density tracer decrease in
luminosity. These suggests that there are several compo-
nents to the alignment signal (see extended discussion in
Appendix B) that can be connected to previous works.
First, luminous galaxies point towards each other, as ob-
served for LRGs (Mandelbaum et al. 2006a; Hirata et al.
2007; Okumura, Jing & Li 2009; Joachimi et al. 2011;
Singh, Mandelbaum & More 2015). Second, the correlation
persists if low luminosity galaxies are used as tracers
of the density field, indicating that they live preferen-
tially in the direction of the semimajor axis of the cen-
tral (Binggeli 1982; Mandelbaum et al. 2006a; Welker et al.
2015). These low luminosity satellites are also radially elon-
gated pointing towards the central, more luminous, galaxy
(Singh & Mandelbaum 2015). All three modes can readily
be identified in Fig. 6. We also find an alignment signal of
ellipticals around discs suggesting, as in Paper I, that ellip-
ticals tend to orient their major axes towards overdensities
of discs, i.e., filaments. An example of these two modes of
alignments is seen in Fig. 7 for high luminosities.
4.2.2 Projected correlations at z = 0
The top panel of Fig. 8 shows the projected correlation func-
tion of the density field and intrinsic shapes, wδ+, for the
simple inertia tensor. The most luminous galaxies have a
stronger radial alignment signal than other galaxies. The
signal persists to large scales, but there is a marked en-
hancement on scales . 1h−1Mpc. As inferred from ηe, the
strength of alignment is monotonically decreasing with lu-
minosity. Moreover, the use of the reduced inertia tensor
reduces the significance of wδ+. In this case, we find evi-
dence of significant alignment only for the most luminous
galaxies. The wδ× component is consistent with null at 2σ
C.L.
The bottom panel of Fig. 8 shows the projected cor-
relation between the galaxy distribution and the intrinsic
shapes, wg+, at z = 0.06 for the three luminosity bins for the
simple inertia tensor. The results are similar, with a smaller
amplitude, when the reduced inertia tensor is used. We have
verified that wg× is consistent with null for all luminosity
bins considered. The wg+ alignment at small scales (rp . 1
Mpc/h) is much stronger than for wδ+, and increasing the
number of DM particles used to trace the density field has
no significant impact on the scale-dependence of wδ+. This
difference between wg+ and wδ+ can be attributed to an
anisotropic distribution of satellites in the direction of the
major axis of the central galaxy (Welker et al. 2015). If the
DM halos are more spherical than the distribution of satel-
lites around the central galaxy, wδ+ will not capture this
anisotropy, in contrast with wg+. To test this last hypothe-
sis, we have verified that a random perturbation of galaxy
positions (but keeping the position of shape tracers fixed),
which isotropizes their distribution up to 150 kpc/h, can
have a dramatic impact in the alignment amplitude of wg+
in the first radial bin, making it consistent with null. Fur-
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thermore, neither miscentering of the DM distribution with
respect to the galaxies, nor scale-dependence of the cluster-
ing bias can be responsible for such a suppression in wδ+ at
small scales. To verify this, we compared the clustering of
Mr 6 −22 galaxies at z = 0 with their position correlation
with DM particles. While there is evidence of a decreasing
bias at small scales, wδg is monotonically increasing, and
does not evidence the same small-scale nulling as wδ+.
We also present, in Fig. 8, a test for the impact of sub-
structure identification, as discussed in section 2.1. In this
figure, the solid lines correspond to treating AdaptaHOP
substructures as separate galaxies, which is our fiducial ap-
proach. The dashed lines indicate the projected correlations
obtained when the stellar particles of galaxies identifies as
substructure are considered as part of their host central
galaxy. Our results are fully consistent within our error bars
for both shape measurements. Although not shown, we also
find that ηe and ηs are even more robust, suggesting that ori-
entations are less affected than projected ellipticities. Over-
all, the details of how substructure is identified in the simu-
lations do not change wδ+ significantly. Excluding galaxies
classified as substructure altogether decreases the amplitude
of the correlation slightly for the simple inertia tensor, al-
though the change is still within error bars. In the case of
wg+, the identification of galaxies as substructure, rather
than being part of the central, results in an increased cor-
relation function at small separations . 500 h−1 kpc due to
the excess number of pairs. Thus, the details of the galaxy
finder can potentially play a role in constraining the halo
model of alignments on such scales.
Measurements of wδ+ and wg+ for the highest lumi-
nosity galaxies at z = 0 reject the null hypothesis at > 3σ
C.L. For these, neither the NLA model nor the NLA+halo
model are a good fit. In the case of wδ+, the halo model
tends to overestimate the power on the first bin; while for
wg+, the scale-dependence is not steep enough. The down-
turn of wδ+ at the smallest radii cannot be reproduced
by relaxing the parameters of the halo model provided by
Schneider & Bridle (2010) because this model relies on the
assumption that the intrinsic shear of satellite galaxies in
a spherical halo is invariant with separation to the center
of the halo. On the other hand, it is possible to fit the
scale-dependence of wg+ if we allow p2 (equation 14) to
vary. The preferred parameters and their 1σ uncertainty are:
p2 = 1.74±0.17 (compared to the fiducial value of p2 ≃ 0.7),
bgah = 0.048 ± 0.013 and bgAI = 8.8 ± 1.9 for the simple
inertia tensor; p2 = 1.86± 0.22, bgah = 0.0168± 0.0057 and
bgAI = 3.2 ± 1.0 for the reduced inertia tensor case. How-
ever, notice that there are only 4 points at small scales and
2 free parameters for the halo model, and that these points
have correlations of up to ∼ 50%. Nevertheless, the best-fit
to the simple inertia tensor case is shown as a gray line in
the bottom panel of Fig. 8.
Alternatively, a fit of the NLA model to wg+ only at
large scales (defined as 0.8 < rp < 20 Mpc/h) yields bgAI =
8.7± 2.1 for the simple inertia tensor, and bgAI = 3.1± 1.1
for the reduced inertia tensor. These results are very similar
to those quoted in the previous paragraph, suggesting there
is little covariance between the measurement on small and
large scales. For wδ+, we obtain AI = 4.98 ± 0.79 for the
simple inertia tensor, and AI = 1.64 ± 0.47 for the reduced
inertia tensor, implying that the bias of Mr 6 −22 galaxies
at this redshift is bg ≃ 2. If we restrict to the elliptical
population with Mr 6 −22, we obtain a 30% enhancement
of the alignment amplitude at large scales: AI = 7.38± 0.87
for the simple inertia tensor, and AI = 2.20 ± 0.49 for the
reduced inertia tensor.
4.2.3 Evolution of relative orientations
In this section, we focus on the evolution of ηs and ηe alone;
projected correlation functions and model fits are discussed
in the next section. The complete set of ηs and ηe mea-
surements as a function of redshift, luminosity and V/σ is
presented in Appendix B; we hereby summarise our main
findings.
The alignments of ellipticals decrease in strength with
decreasing luminosity and increasing redshift. Fig. 9 shows
this evolution. These trends are a consequence of an intrin-
sic evolution of the alignment strength for this population.
At z = 3, we still observe radial alignments for the most lu-
minous ellipticals. We also find a significant trend for both
shape and spin tangential alignments of low luminosity discs
at > 99.99% C.L. The alignments of the overall population
of discs and ellipticals, which are shown in Appendix B, are
dominated by the luminous ellipticals at low redshift and
the low luminosity discs at high redshift. They tend to de-
crease with decreasing luminosity and increasing redshift as
a consequence of intrinsic evolution in the alignment am-
plitude of ellipticals, and also due to increased fraction of
discs. Eventually, at z = 3, the overall signal changes sign
as a consequence of the tangential alignment of discs.
At low redshift and high luminosities, we found dif-
ferent amplitudes for the alignment signal measured from
the simple and reduced inertia tensor. The reduced inertia
tensor yields rounder shapes than the simple case and the
alignment signal is suppressed. This is a consequence of the
signal being dominated by the alignments of ellipticals, for
which the reduced inertia tensor produces a lower alignment
strength. At high redshift and low luminosities, the overall
alignment signal is dominated by the contribution of discs.
As a consequence, the simple inertia tensor is an equally
good tracer of alignments as the reduced inertia tensor or
the spin. The orientation of the discs is equally well deter-
mined in all three cases, with median misalignment angles
between the minor axis and the spin direction of ∼ 3−6 deg
across the whole redshift range probed.
In Paper I, we had found a tangential alignment of discs
around ellipticals. It is clear from Figs. 3 and 4 that discs
dominate the population of galaxies in the low luminosity
bin, and their relative fraction increases towards high red-
shift. It is interesting to note that these tangential align-
ments are not observed when we measure ηs of low lumi-
nosity discs around other galaxies with Mr 6 −20 at that
redshift, instead of measuring it around DM particles. This
suggests that the tangential alignment has its origin in the
alignment of discs around lower density regions of the den-
sity field.
Other authors (Tenneti, Mandelbaum & Di Matteo
2015) have found no evidence for tangential disc align-
ments in hydrodynamical cosmological simulations such
as MassiveBlack II and Illustris. Our results suggest that
a direct comparison of alignment mechanisms at high
redshift (z ∼ 3) across the different simulations could help
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Figure 9. ηs and ηe around DM particles for high luminosity
elliptical galaxies (circles) and low luminosity spirals (triangles) at
redshifts z = 0.06, 1.5, 3 (from thick to thin). For the triangles, the
orientation is determined from the spin. The circles correspond
to orientations derived from the minor axis of the simple inertia
tensor. The dashed black line corresponds to no alignment. A
positive correlation indicates that the minor axis or spin vector
is pointing radially towards the DM particles.
elucidate the discrepancies between simulation techniques
and/or the impact of baryonic physics. On the other hand,
in Appendix A, we show that the lowest luminosity bin
where this signal is detected is beyond the magnitude limit
of LSST (mr ∼ 26); and we will see in the next section
that, in addition, disc alignments are highly suppressed in
projection.
4.2.4 Evolution of projected correlations
The redshift evolution of the projected correlations, wδ+ and
wg+, can inform us about the potential contamination of
alignments to future lensing surveys. We measure these cor-
relations as a function of redshift and luminosity in Horizon-
AGN.
For wδ+ and consistently with the results presented in
section 4.2.3, we find a decrease of the amplitude of pro-
jected alignments of luminous galaxies with redshift. We
show this evolution in Fig. 10. Galaxies at intermediate and
low luminosities display lower amplitude alignment signals
and are not shown here. In particular, low luminosity, high
redshift discs do not show significant evidence for tangential
alignments in projection. We also measure wδ× as a test for
systematics. We find this to be consistent with null at the
3σ C.L. for all redshifts and luminosities considered.
We find that wg+ correlations among galaxies in the
same luminosity range retain a > 2σ significance for lumi-
nous galaxies (Mr 6 −22) from z = 0.06 to z = 1.5 for the
simple inertia tensor (middle panel of Fig. 10), and only up
to z = 0.5 for the reduced inertia tensor. The wg+ measure-
ment is consistent with null for all redshifts at intermediate
luminosities. We find an indication of a potential signal at
z = 3 for low luminosities, rejecting the null hypothesis at
97% C.L. for both simple and reduced inertia tensor. wg×
is always consistent with null at the 2σ level, except for re-
duced inertia tensor measurement of the lowest luminosity
bin at z = 1.5; although it remains within the 3σ C.L. in this
case. Examining the cross-correlations of galaxy positions
and shapes across luminosity bins, we find qualitatively sim-
ilar results for these correlations as for ηe in section 4.2.3.
Alignment amplitudes increase with the luminosity of the
density and/or shape tracer. The complete set of relevant
wg+ cross-correlations is presented in Appendix B.
With the goal of comparing the alignment amplitude
obtained with Horizon-AGN with current observations of
LRGs, we measure wδ+ selecting ellipticals alone in the sim-
ulation. The evolution of this correlation with redshift for
the most luminous ellipticals is shown in the right panel of
Fig. 10. The trends with redshift and luminosity are similar
to those measured for the complete galaxy population, but
with an increased amplitude. Isolating the elliptical galaxies
at each redshift enhances the radial alignment signal.
As discussed in section 4.2.2, the scale-dependence of
the halo model does not reproduce the steepness of wg+
nor the downturn at small scales of wδ+ at z = 0.06. We
found an alternative fit to wg+ by letting the p2 parameter
free. However, this value of p2 is not suitable to describe the
scale-dependence of wg+ at higher redshifts. To constrain
the linear amplitude of alignment, we consider fitting the
NLA model only at large scales (rp > 0.8 h
−1Mpc) from
wδ+. While this method avoids the problem of the missing
power in the model at small scales, at the same time, it
underestimates the contamination of alignments to lensing
due to this missing power. The constraint on AI as a func-
tion of redshift and luminosity are presented in the top row
of Fig. 11 for simple (left panel) and reduced (right panel)
inertia tensor.
Previous works have adopted the following parametriza-
tion of AI as a function of redshift and mean luminosity of
LRGs (Joachimi et al. 2011; Tenneti et al. 2015),
AI = A
( 〈Lr〉
L0
)αL
(1 + z)αz , (15)
and we obtain the following constraints from our measure-
ments of wδ+ (for discs and ellipticals jointly) for the simple
inertia tensor case: A = 1.72± 0.34, αz = −0.41± 0.25 and
αL = 2.17 ± 0.28. The parameters A and αz are correlated
at the 0.72 level; A and αL, at the 0.37 level; and redshift
and luminosity dependence, at the 0.25 level. In the case
of the reduced inertia tensor, we find alignments to be fully
consistent with null (AI = 0.037±0.37), and completely cor-
related with αL. Notice that for the simple inertia tensor,
the redshift evolution is consistent with the tidal alignment
model at 2σ and we find evidence of significant luminosity
evolution.
This parametrization restricts AI to not change sign.
However, we have seen in section 4.2.3 that alignments in-
deed transition from radial to tangential as we go to high
redshifts and low luminosities. While this trend is suppressed
in projection, for the high luminosity, low redshift galaxies
we find both wg+ and wδ+ to be different from null with
> 99.7% confidence. Hence, the functional form of equa-
tion (15) is not expected to provide a good fit for the over-
all population of discs and ellipticals. In the top panels of
Fig. 11, we see AI drop below zero at high redshift and low
luminosities.
We also fit equation (15) to wδ+ of elliptical galaxies.
In this case, we find an increased amplitude compared to
the results obtained for the overall galaxy population. The
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Figure 10. Redshift evolution of the projected correlation function wδ+ for all galaxies (left panel), for ellipticals (right panel) and of
wg+ for all luminous galaxies (middle panel) in the high luminosity bin. In all cases, the ellipticity is obtained from the simple inertia
tensor. Selected redshifts are shown, but all redshifts available are used in the model fits. The error bars shown correspond to the
jackknife. Note that the alignments of ellipticals are stronger than when the whole population is considered.
best fit parameters for the simple inertia tensor case are:
A = 3.09 ± 0.56, αz = 0.31 ± 0.25 and αL = 1.16 ± 0.17.
In this case, A and αz have a 0.8 correlation coefficient; A
and αL, a 0.23 correlation coefficient; and the redshift and
luminosity evolution parameters are poorly correlated. We
obtain a smaller amplitude for the reduced inertia tensor:
A = 1.02±0.25, αz = 0.32±0.31 and αL = 1.38±0.26. The
luminosity dependence of the signal is less steep for ellipti-
cals than for the mix of ellipticals and discs, potentially due
to the contribution of either null or tangential alignments
of discs at low luminosities. This luminosity dependence is
also mostly driven by the Mr 6 −22 population of ellipti-
cals, which show a marked enhancement in their alignment
in comparison to lower luminosity galaxies in Figure 11. We
fit the NLA model at large scales to wδ+ for discs alone,
despite the overall poor significance of the measurements.
The typical amplitudes obtained are shown in the bottom
panels of Fig. 11. The significance here is artificially en-
hanced by not taking into account off-diagonal elements of
the covariance in the fit. In this sense, we are conservative
in determining alignment amplitudes.
In an effort to bring predictions closer to observations,
we have found that the addition of dust obscuration and the
redshifting of galaxy spectral energy distributions steepens
the luminosity dependence of the alignment signal found
in this work (see Appendix A). Moreover, including surface
brightness cuts (Puchwein & Springel 2013) is likely to yield
rounder galaxy shapes, reducing the alignment amplitude.
5 DISCUSSION
Galaxy alignments have been detected in observations of the
shapes of LRGs to high significance by Mandelbaum et al.
(2006a); Hirata et al. (2007); Joachimi et al. (2011);
Singh, Mandelbaum & More (2015). Hirata et al. (2007)
used the LRG sample in SDSS (0.15 < z < 0.35) and the
2dF-SDSS LRG and QSO (2SLAQ) Survey (0.4 < z < 0.8)
to constrain the redshift, scale and luminosity scaling
of the cross-spectrum of lensing and alignments. That
work found a > 3σ detection of alignments on scales up
to 60h−1Mpc at low redshift, but the higher redshift
measurement was only 2σ significant. Joachimi et al. (2011)
extended these measurements to a combination of MegaZ-
LRG (Collister et al. 2007) and SDSS, with a redshift
coverage up to z ∼ 0.7 and higher number densities. As
a result, they constrained equation (15) fitting the NLA
model at rp > 6h
−1Mpc. Their best-fit parameters are:
A = 5.76+0.60−0.62 , αL = 1.13
+0.25
−0.20 and αz in agreement with
the NLA model. Recently, Singh, Mandelbaum & More
(2015) used the LOWZ sample of the BOSS survey to
improve the constraints on alignments at low redshift
profitting from a factor of 3 increase in the number density
of LRGs. These authors found that the NLA model can be
extended to scales down to rp ∼ 4 h−1Mpc, but they also
found an excess amplitude of alignments with respect to
the NLA model at small scales (rp < 1.5 h
−1Mpc), which
they fit using the halo model (Schneider & Bridle 2010)
and letting both ah and q21 free. Their best-fit values are:
AI = 5.1 ± 0.4, ah = 0.014 ± 0.004 and q21 = 1.1 ± 0.1
(other qij parameters are given in their Table 1). Their fits
to equation (15) result in the following best-fit parameters:
A = 4.9 ± 0.6, αL = 1.3 ± 0.27 (under the assumption that
αz = 0). Their results and those of Joachimi et al. (2011)
are in good agreement.
Using the Horizon-AGN galaxy catalogue between
0.06 < z < 3 and forMr 6 −20, we find that the NLA model
provides a good fit to wg+ and wδ+ at rp > 0.8 h
−1Mpc,
allowing us to model smaller scales than in current obser-
vations. Below this scale, we find a significant excess align-
ment in wg+, particularly at low redshift and high luminosi-
ties. The halo model with the parameters from Table 1 of
Singh, Mandelbaum & More (2015) is not a good fit for this
excess signal. We find it necessary to let the value of p2 free
to fit the halo model to the data in this case, steepening
the scale-dependence of the resulting wg+. We also find that
this value of p2 cannot reproduce the scale-dependence of
wg+ at higher redshifts and lower luminosities. Attributing
the change in value of p2 in this bin to a change in q22 or
q21 (see equation (14)) does not ease the tension at higher
redshift. Either more parameters should be varied or their
functional forms should be modified.
We detect an increase of wg+ and wδ+ with grow-
ing luminosity of the shape tracers. The luminosity depen-
dence of the clustering bias also produces a variation of wg+
with luminosity of the density tracer. Blazek, Vlah & Seljak
(2015) developed a standard perturbation theory approach
to modelling the intrinsic alignment power spectra. Their
modelling indicates that the luminosity dependence of AI
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Figure 11. Evolution of AI as a function of redshift and luminosity. The top left panel corresponds to fits to wδ+ for all galaxies when
shapes are measured from the projected simple inertia tensor; the top right panel, with the projected reduced inertia tensor. The middle
row corresponds to constraints obtain for elliptical galaxies alone. Black circles represent the highest luminosity bin (Mr 6 −22), red
squares indicate intermediate luminosities (−22 < Mr 6 −21) and blue triangles, low luminosities (−21 < Mr 6 −20). Analogously, the
bottom row shows results for discs alone. All error bars correspond to 68% confidence level constraints on AI . The grey lines connect the
points corresponding to the best-fit values. Notice that the functional form being fit, equation (15), is a function of both z and 〈Lr〉/L0,
which is not necessarily a smooth function of redshift.
arises from the weighting of the tidal field by the density of
the shape tracers. Our results are in qualitative agreement
with their predictions. However, in Paper I, we had noted
a non-monotonic dependence of radial alignments around
dark matter particles with the mass of the shape tracer.
Given that mass and luminosity are strongly correlated, we
similarly expect that at low redshift, the alignment signal
can be non-monotonic with luminosity. In this work, the
functional form presented in equation (15) provides a suf-
ficiently good description of the measured correlations at
large scales. We attribute this to the fact that we are only
probing galaxy alignments in the rangeMr 6 −20. At lower
luminosities, a population of dwarf ellipticals emerges at low
redshift (see Fig. 3) which could also carry a radial align-
ment. Their number counts are considerable; at z = 0.06,
ellipticals in the range −20 < Mr 6 −19 double the num-
ber density of ellipticals overall. As we note in Appendix A,
higher resolution simulations are needed to probe lower lu-
minosity alignments within the magnitude limit of LSST at
low redshift and to determine whether our findings on the
luminosity dependence of alignments can be extrapolated to
that regime.
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We compare our results for the redshift and luminosity
evolution of AI to those obtained by Joachimi et al. (2011).
Note that our fits to wδ+ and AI(Lr, z) were performed
on scales rp > 0.8 Mpc/h and thus neglect the small scale
power in alignments, which is a relevant source of contam-
ination to cosmic shear measurements. Our fits cannot be
extrapolated to such small scales, where we further find ev-
idence of deviations from the NLA model. When consider-
ing all galaxies with converged shapes regardless of their
morphology, we obtain an alignment amplitude that is sup-
pressed with respect to the measurements of Joachimi et al.
(2011). This is expected due to the contribution of discs,
for which we find only marginal evidence for alignment in
projected statistics. We find constraints on late-type galaxy
alignments from Heymans et al. (2013) at z < 1.3 consistent
with our results for AI for discs and with the observational
constraints for blue galaxies from Mandelbaum et al. (2011)
from SDSS and the WiggleZ samples at low redshift. We em-
phasize that we have not aimed to model the details of their
sample selection. If we restrict to ellipticals alone and using
the simple inertia tensor, we find a lower value of A by a
factor of approximately 2, but good agreement between our
results for αL and αz in comparison to the Joachimi et al.
(2011) and Singh, Mandelbaum & More (2015) constraints
for LRGs4. The results obtained using the reduced inertia
tensor give a further lower alignment amplitude by another
factor of ≃ 2.
In observational works, observed galaxy shapes are mea-
sured up-weighting the pixels closer to the galaxy center
proportionally to r−2p . Our results using the reduced in-
ertia tensor would thus be expected to be more compara-
ble to observational measurements of alignments. However,
Tenneti et al. (2015) found evidence in the MassiveBlack II
hydrodynamical simulation that the reduced inertia tensor
tends to produce overly round shapes. Observational re-
sults by Singh & Mandelbaum (2015) confirmed that AI
indeed depends on the shape estimator adopted. Shape
estimators that put more weight on the outer isophotes
of galaxies result in an enhanced alignment amplitude by
∼ 40%. Moreover, the details of survey selection on the
LRG sample, including colour selection and fiber collisions,
for example, could play a role in determining the align-
ment amplitude. In this work, we have implemented a se-
lection cut on ellipticals based on the dynamical properties
of galaxies in the simulation, and this results in a slightly
higher comoving number density of objects than is found in
Singh, Mandelbaum & More (2015). Nevertheless, the fact
that the overall redshift and luminosity evolution of the
alignment signal is in good agreement with observations is
encouraging.
Other authors have explored the alignment sig-
nal in smoothed-particle-hydrodynamics and moving-mesh
simulations (Tenneti et al. 2015; Velliscig et al. 2015a,b;
Tenneti, Mandelbaum & Di Matteo 2015). Tenneti et al.
(2015) studied the redshift evolution of the ηe and wg+
statistics for galaxies of different stellar masses in the
4 Note that matching the different choice of normalization of the
redshift factor in equation (15), increases our alignment ampli-
tude by ∼ 8% for elliptical galaxies; this is a small factor com-
pared to the uncertainty in A.
Massive-Black II simulation in the redshift range 0.06 <
z < 1. There are several discrepancies between our work
and theirs. They found that the ηe correlation decreased to-
wards lower redshift; and they did not detect any significant
evolution of wg+ with redshift, possibly as a consequence
of evolution of the overall shape distribution of the galax-
ies with redshift. Contrary to their results, and assuming
that stellar mass and luminosity are strongly correlated, we
find increased alignments from ηe, wδ+ and wg+ with de-
creasing redshift, and this trend is more evident at small
scales. Tenneti et al. (2015) also found a shallower scale de-
pendence of wg+ compared to wδ+, while we find the inverse
trend.
As mentioned above, a direct comparison between ob-
servations and simulations is challenging due to the de-
tails of sample selection. At first glance, it seems clear
that the amplitude of alignment varies for different simu-
lations. Tenneti et al. (2015) fit equation (15) without plac-
ing colour or morphology cuts for their sample of galaxies.
Their measurements, which rely on the iterative reduced
inertia tensor and probe magnitudes of Mr < −18, yield
A = 6.7 ± 1.7, αL = 0.47 ± 0.08 and αz = 0.5 ± 0.5. In
comparison, without dynamical selection, we find A fully
consistent with zero if we use the reduced inertia tensor.
For the simple inertia tensor, on the other hand, we find
a stronger luminosity dependence of AI and an amplitude
that is a factor of ≃ 4 smaller than in Massive Black II.
Singh, Mandelbaum & More (2015) compared the results
from Tenneti et al. (2015) to the best-fit model obtained
from LOWZ alignment measurements and found that Mas-
siveBlack II overpredicts the alignment strength by a factor
of ∼ 2. Results from the cosmo-OWLS simulation are qual-
itatively similar. Velliscig et al. (2015b) showed that shape-
position alignment signal from cosmo-OWLS overpredicts
the LOWZ alignments when all stars in a galaxy are used to
trace its shape; while the agreement is better if only stars
within the half-mass radius are used. Alignment measure-
ments at z = 0.06 from the Illustris moving-mesh simulation
are lower in amplitude than for MassiveBlack II by a factor
1.5 − 2 at 1h−1Mpc (Tenneti, Mandelbaum & Di Matteo
2015), and could potentially be in better agreement with
Horizon-AGN, but their luminosity dependence remains to
be probed.
In Paper I, we found evidence of tangential alignments
of disc galaxies, i.e., with their plane of rotation oriented
tangentially around DM overdensities. Tidal torque theory
predicts the existence of a transition mass below which ha-
los orient their spins parallel to the filament in which they
are embedded (Codis, Pichon & Pogosyan 2015). Above the
transition mass, their orientation becomes perpendicular to
the filament. Such trends have been confirmed for both the
orientation of DM halos (Codis et al. 2012, and references
therein) and of galaxies (Dubois et al. 2014; Codis et al.
2014). The transition mass has further been related to
the merger history and the dynamical properties of galax-
ies. Galaxies growing through mergers become redder and
pressure-supported as they overcome the transition mass
(Dubois et al. 2014). We attributed the tangential alignment
signal of Paper I to disc galaxies in filaments which lie be-
low the transition mass. The alignment of galaxies above the
transition mass is better evidenced through their shapes, as
the increased number of mergers tends to decorrelate shape
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from spin. In this case, they tend to be elongated pointing
towards overdensities, partly due to the Binggeli (1982) ef-
fect, as discussed in Appendix B. Welker et al. (2015) found
that, in addition to the large scale alignment with the fil-
amentary distribution of matter in the cosmic web, there
is a small scale component to the alignments arising from
the settling of satellites in the galactic plane of the central
galaxy. This is particularly relevant for galaxies above the
transition mass, whose galactic plane is also aligned with the
filament. Similar conclusions were reached by Velliscig et al.
(2015b) in their analysis of intrinsic alignments in the EA-
GLE and cosmo-OWLS hydrodynamical simulations.
In this work, we found evidence in section 4.2.3 of a
transition from radial alignments at low redshifts and high
luminosities to tangential alignments at high redshifts and
low luminosities. This is consistent with the findings of
Dubois et al. (2014), who found that spin alignments de-
crease with cosmic time due to mergers and the quench-
ing of cold flows and star formation. On the other hand,
Tenneti, Mandelbaum & Di Matteo (2015) do not find any
evidence for tangential disc alignments either in Massive-
Black II or in Illustris on scales rp > 0.1h
−1Mpc at z = 0.6,
in contrast with our Paper I results. Hence, while the agree-
ment between high luminosity alignments in Horizon-AGN
and Illustris might be better than with MassiveBlack II,
we do not expect this to hold as a function of morphology.
Velliscig et al. (2015b) find qualitatively similar results to
Tenneti, Mandelbaum & Di Matteo (2015): a reduced am-
plitude of alignment for galaxies selected to be more spheri-
cal (i.e., discs), but no evidence for a transition to tangential
alignments for this population. This resuts are based on the
EAGLE and cosmo-OWLS simulations, which apply similar
numerical methods to MassiveBlack II. Our finding in sec-
tion 4.2.3 of significant tangential alignments at high redshift
and low luminosities suggests that a more direct comparison
between simulations might be possible in this regime. On the
other hand, observational results on the amplitude of align-
ment of blue galaxies suggest this is consistent with null
at z < 1.3 (Mandelbaum et al. 2011; Heymans et al. 2013).
Our measurements indeed suggest that the tangential align-
ment signal of disc galaxies is only marginally present in
projection, even at z = 3, where the ηe(r) statistic is most
significant. However, within current constraints, contamina-
tion from disc galaxies to weak lensing observables could
still be significant (Chisari et al. 2015b).
6 CONCLUSIONS
We have studied the redshift and luminosity evolution of
alignments of galaxies, as traced by their stellar particles,
in the Horizon-AGN simulation. The main result of this pa-
per is the identification of a transition from radial, elliptical-
dominated, alignments at low redshifts and high luminosities
to tangential, disc-dominated, alignments at high redshift
and low luminosities. The evolution of the mixture of pop-
ulations in the luminosity bins considered is a consequence
of these trends and of the slow evolution of the fraction of
discs and ellipticals in each luminosity bin. We also reached
the following conclusions:
• The alignment signal is strengthened at low redshifts
and high luminosities. At z = 0.06, we have determined
that wg+ carries a much stronger alignment signal than wδ+;
which is related to the anisotropic distribution of satellites
in the one-halo regime. Alignments decrease with luminos-
ity and can remain significant at small scales even at low
luminosities. The fiducial halo model (Schneider & Bridle
2010) is not a good fit to the alignment with DM particles
or galaxies at this redshift; but the measurements can be
modelled by relaxing one of the parameters governing the
scale-dependence of the model, i.e., with a steeper decrease
of intrinsic shear with projected radius inside the one-halo
regime.
• The detected transition between tangential disc align-
ments at low luminosity and high redshift to radial align-
ments of ellipticals at high luminosity and low redshift is
accompanied by a decorrelation between minor axes and
spin orientations. We attribute this to the result that the
alignment signal of ellipticals is better evidenced through
the simple inertia tensor, but not through the spin or re-
duced inertia tensor. On the contrary, at high redshift and
low luminosity, the galaxy population is mostly dominated
by discs and the orientation of spins and minor axes, regard-
less of the shape estimator, coincide.
• The fraction of discs at low luminosities remains mostly
constant throughout the redshift range probed, while the
alignment amplitude is clearly evolving. We therefore con-
clude that the intrinsic evolution in the fraction of discs and
ellipticals cannot be fully responsible for the evolution of the
alignment signal. We have confirmed that the amplitude of
alignment itself for each of these populations evolves with
redshift.
• Projecting along the line of sight and weighting by el-
lipticity tend to dilute the alignment signal measured from
orientations. The NLA model provides a good template for
fitting the projected DM density-ellipticity correlations at
large scales, rp > 0.8 h
−1Mpc. At smaller separations, we
find evidence of significant excess power that cannot be mod-
elled with the fiducial parameters of the halo model; nor
with the best-fit parameters obtained at z = 0.06. We thus
have constrained the luminosity and redshift dependence of
the alignment strength, AI(Lr, z), from the large scale mea-
surement of wδ+ alone. We find AI for elliptical galaxies
in Horizon-AGN to be a factor of ≃ 2 smaller than obser-
vational results for LRGs when measured from the simple
inertia tensor. Note that this is not representative of small
scale alignments, and that our wg+ measurements indicate
a strong contribution of the one-halo term, particularly at
high luminosities. The alignment amplitude of discs from
the projected measurements is in agreement with current
observational constraints.
• We have identified several components to the align-
ment signal: 1) very luminous galaxies are radially oriented
towards other luminous galaxies; 2) low luminosity galax-
ies cluster preferentially in the direction of the semimajor
axis of the central (Binggeli 1982; Mandelbaum et al. 2006a;
Welker et al. 2015); 3) low luminosity galaxies are also elon-
gated towards high luminosity centrals.
• Finally, we conclude that the comparison between dif-
ferent simulation techniques and baryonic physics prescrip-
tions is likely to be more effective at high redshift, where
we find alignments to be dominated by discs in Horizon-
AGN. In particular, tangential alignments in Horizon-AGN,
although predicted by tidal torque theory, have not been
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found in other hydrodynamical cosmological simulations.
We expect that a more detailed comparison between them
will be the topic of future work.
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Figure A1. Comparison between dust-free galaxy absolute mag-
nitudes in the r-band and the dust-corrected, metallicity-boosted,
magnitudes at z = 0.5 in Horizon-AGN. The red points indicate
the mean and 1σ dispersion in bins of dust-freeMr. The thick red
line indicates the best linear fit to the underlying galaxy popula-
tion at z = 0.5; and the thin red line, at z = 3. The dashed grey
line is the identity, plotted for reference. With the dust and metal-
licity corrections, galaxies tend to be dimmer at the bright end,
where the dust-correction is dominant. At the dim end, galaxies
can became brighter on average than the dust-free Mr due to the
impact of the metallicity correction.
APPENDIX A: IMPACT OF DUST,
METALLICITY AND K-CORRECTIONS ON
GALAXY COLOURS AND LUMINOSITIES
The results presented in the main body of this manuscript
rely on rest-frame dust-free absolute magnitudes of the sim-
ulated galaxies. In this appendix, we explore the impact of
dust extinction and stellar metallicity on galaxy absolute
magnitudes, and we include K-corrections in the modelling
of galaxy apparent magnitudes. The overall comparison of
galaxy properties in Horizon-AGN (i.e., galaxy colours, the
luminosity function and stellar mass function) as a function
of redshift is addressed in Kaviraj et al. (in preparation). We
expect the corrected colours to have various effects on our
fiducial measurements of alignments. First, they can result
in a different evolution of 〈Lr〉 as a function of redshift and
can affect the luminosity dependence of AI . Second, dust
extinction and K-corrections can have an impact on appar-
ent magnitudes, pushing more galaxies over the magnitude
limit of a given survey.
We compute the galaxy apparent and absolute magni-
tudes using the single stellar population (SSP) models from
Bruzual & Charlot (2003b) and a Chabrier initial mass func-
tion. The spectral energy distribution (SED) is sampled at
1221 wavelengths between 91 and 16 × 105 A˚ for 6 val-
ues of metallicity (from 10−4 to 0.05) and 221 values of
age from 0 to 2 × 1010 years. We assume that each star
particle is an individual SSP and we compute its contri-
bution to the total SED by logarithmically interpolating in
metallicity and age. Due to an intrinsic suppression in metal-
licity in Horizon-AGN compared to observations, both gas
and stars metallicity have been boosted by a factor empiri-
cally derived by fitting by the mass-metallicity relation with
observations (Maiolino et al. 2008; Kewley & Ellison 2008).
Hydrodynamical cosmological simulations usually need such
a metallicity enhancement because the limited mass reso-
lution effectively results in metals not being created fast
enough. This boost factor, βmetals, is redshift dependent
and approximated by second-degree polynomial: βmetals =
4.08− 0.21z − 0.11z2.
To take into account dust attenuation, we extract the
gas density and metallicity in a cube around each galaxy.
The dust mass is assumed to scale with the mass of metals
in the gas, with a dust-to-metal ratio of 0.4 (Dwek 1998;
Jonsson 2006; Smith & Hayward 2015). This allows us to
compute the column density of dust, which we then connect
to the optical depth along the line of sight (one axis of the
box) to each star in the galaxy. We use the R = 3.1 Milky
Way dust grain model by Weingartner & Draine (2001). We
assume that the gas is transparent beyond one virial radius
of the galaxy. Inclination-dependent dust extinction is nat-
urally included, since we model the dust distribution from
the gas, and the attenuation of each star particle is individu-
ally computed. The total dust-attenuated SED is the sum of
the contribution of all star particles and passed through the
relevant SDSS filters. To compute apparent magnitudes, we
directly shift the galaxy spectrum before passing it through
the filter. Notice that this means that we are thus taking into
account the effect ofK+e-corrections in addition to the dust
attenuation and metallicity renormalisation. In comparison,
alignment measurements from observations typically correct
for the former.
Fig. A1 shows an example of the impact of the improved
luminosity modelling on absolute magnitudes in the r-band.
The solid grey lines are the best linear relation fits to the
population of galaxies at z = 0.5 and z = 3. On average,
dust- and metallicity-corrected absolute magnitudes tend to
be dimmer at the bright end of dust-free Mr, and brighter
at the dim end. At the bright end, the dust extinction dom-
inates, while the metallicity correction tends to enhance lu-
minosities at the dim end. For the range of luminosities used
in the alignment measurements presented in this work, we
are mostly interested in the impact of dust extinction at
the bright end, where Mr 6 −20. Overall, the reduction of
the parameter space of r-band luminosities implies a higher
value of alignment amplitude and a steeper dependence with
luminosity. For example, the impact of these corrections on
the fitting parameters in equation (15) is a slight increase
in alignment amplitude (≃ 70%) and a steeper luminosity
dependence (an increase in αL of 20%) at z = 0.5. The ef-
fect is less significant towards higher redshift. At z = 3, A
increases by ≃ 10% and αL, by ≃ 30%.
Consider now the ‘gold’ sample of galaxies with weak
lensing shapes envisaged to be used in the LSST survey
(Ivezic et al. 2008) as an example. This sample will be ap-
proximately magnitude limited to mr ∼ 26. The apparent
magnitudes in r-band at three different redshifts are shown
in Fig. A2. We have indicated the expected apparent mag-
nitude limit of LSST with a horizontal dashed grey line. At
z = 0.5 (left panel), all galaxies in the three luminosity bins
considered lie within the magnitude threshold of LSST. As
the redshift increases, a larger fraction of dimmer galaxies
exceed the magnitude limit. As a consequence, the contribu-
tion to the intrinsic alignment signal from high luminosity
galaxies is enhanced with respect to the lower luminosity
18 Chisari et al.
Figure A2. Dust-corrected and metallicity boosted apparent magnitudes of galaxies as a function of the dust-free absolute magnitudes
in r-band for redshifts z = 0.5 (left), z = 1.2 (middle) and z = 3 (right). The grey dashed line indicates the expected magnitude limit
for LSST and the points indicate the median relation and one standard deviation. Vertical dashed black lines indicate the thresholds
of the luminosity bins adopted for measuring intrinsic alignment correlations from z = 0 to z = 3: Mr 6 −22, −22 < Mr 6 −21 and
−21 < Mr 6 −20.
bins. In particular, the tentative tangential alignment signal
detected for the −21 < Mr 6 −20 bin at z = 3 is beyond
LSST reach.
Notice that galaxies withMr > −20 lie within the mag-
nitude limit of LSST at z = 0.5. These galaxies were not in-
cluded in the intrinsic alignment measurement presented in
the main body of this manuscript because the adopted cut in
the number of stellar particles implies that the sample is in-
complete above this absolute magnitude. As a consequence,
alignment measurements from hydrodynamical simulations
require extrapolation to low luminosities at low redshifts
to quantify alignment contamination to LSST, for exam-
ple. Higher resolution is needed to avoid this extrapolation.
Admittedly, our requirement that Mr 6 −20 to guaran-
tee completeness could perhaps be relaxed if we restrict to
lower redshifts in the alignment measurement. However, this
would be insufficient since we could barely extend the align-
ment measurement to Mr < −19 if we restricted to z < 0.8,
well below the median redshift of LSST sources.
APPENDIX B: ALIGNMENTS AS A
FUNCTION OF REDSHIFT, LUMINOSITY
AND GALAXY DYNAMICS
In Fig. B1, we show all ηe(r) and ηs(r) statistics as a function
of redshift, luminosity and galaxy dynamics. These results
discussed in depth in section 4.2.3; they are hereby presented
for completeness.
The left column of Fig. B1 shows the alignment corre-
lations at z = 0; the top left panel corresponds to Fig. 5 for
high luminosity galaxies at that redshift. In comparison to
Mr 6 −22 measurements, alignment trends are reduced at
intermediate luminosities. The measurement performed us-
ing the simple inertia tensor still indicates a significant radial
alignment trend (> 99.99% C.L.), while the reduced inertia
tensor and the spin suggest no alignment at the < 2σ C.L.
The significance is similarly high for the simple and reduced
inertia tensor at low luminosities, and the spin alignment is
consistent with being null at the < 3σ C.L. The strength of
radial alignment is decreasing from the high luminosity to
the intermediate luminosity sample; but it is comparable for
the intermediate and low luminosity samples. However, the
radial alignment of ellipticals alone clearly decreases with
luminosity for the simple inertia tensor; this suggests there
is an interplay between the strength of alignment and the
fraction of ellipticals as a function of luminosity which yields
the total signal observed in the left column of Fig. B1. In
fact, the bottom right panel of Fig. B1 shows a very signifi-
cant trend for both shape and spin tangential alignments at
low luminosity and high redshift, at > 99.9% C.L. In Paper
I, we similarly found a tangential alignment of discs around
ellipticals. The results shown in the bottom right panel of
Fig. B1 show the same trend, but for low luminosity galaxies
oriented around DM overdensities. It is clear from Figs. 3
and 4 that discs dominate the population of galaxies in this
luminosity bin; and their relative fraction increases towards
high redshift.
Fig. B2 shows the evolution of the projected correlation
functions wδ+ and wg+ for both the simple an reduced iner-
tia tensor. Only selected redshifts are shown in each panel.
The alignment signal is clearly detected at low redshifts and
high luminosities in both wδ+ and wg+ for the simple and
reduced inertia tensors. Due to the rounder galaxy shapes
obtained with the reduced inertia tensor, the amplitude of
the signal is lower than with the simple inertia tensor. Also
consistently with the results of Fig. B1, the alignment signal
decreases with redshift and is higher of the Mr 6 −22 lu-
minosity range. In section 4, we quoted the results for NLA
model fits to wδ+ at large scales. Similarly, Fig. B3 shows
wδ+ for ellipticals alone, from which AI constraints are ob-
tained in section 4. Fig. B4 shows the corresponding results
for discs galaxies.
Finally, Fig. B5 shows wg+ for the simple inertia ten-
sor when different luminosity galaxies are cross-correlated as
position and shape tracers. Similar conclusions were derived
from Figure 6 in section 4. The amplitude of alignment in-
creases with both the luminosity of the density tracer, and of
the shape tracer, similarly as for ηe. These correlations allow
us to decompose the intrinsic alignment signal into several
contributions that can be connected to previous work in the
literature. It is interesting to note that very luminous galax-
ies are radially oriented towards other luminous galaxies,
but the correlation persists even when low luminosity galax-
ies are used to trace the density field. This indicates that
low luminosity galaxies are not randomly distributed around
higher luminosity ones. Instead, they seem to cluster prefer-
entially in the direction of the semimajor axes, as suggested
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by Mandelbaum et al. (2006a), due to anisotropic infall or
torquing from the central galaxy (Welker et al. 2015). This
is related to a well-known effect in the literature: Binggeli
(1982) observed that the elongation of clusters is correlated
with the elongation of the central galaxy. Of course, correla-
tions between the shapes of centrals across large scales also
give rise to correlations between the shapes of different clus-
ters, an effect also measured by Binggeli (1982), as well as
more recently by Smargon et al. (2012). On the other hand,
there is a small scale component to the alignment signal
that comes from the elongation of low luminosity galaxies
around high luminosity centrals. Hence, satellites are not
only preferentially located in the direction of the projected
major axis of the central, they are also radially elongated
towards the central.
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Figure B1. ηe and ηs around the subsampled dark matter field at redshifts z = {0.06, 0.5, 1.5, 3} from top to bottom. The first
column corresponds to the most luminous galaxies, Mr 6 −22, in the simulation at each redshift. The middle column corresponds to
−22 < Mr 6 −21. The right column spans the range −21 < Mr 6 −20. For the blue points, the orientation is determined from the
spin. Red points correspond to orientations derived from the minor axis of the simple inertia tensor and black points, from the reduced
inertia tensor. We also show ηe for the subsample of ellipticals in each bin (red dashed, from the simple inertia tensor) and ηs for the
subsample of discs (blue dashed). Error bars are obtained through the jackknife.
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Figure B2. wδ+ (top two rows) and wg+ (bottom two rows) for all luminosity bins as a function of redshift. We show results for both
the simple and reduced inertia tensor, as indicated in the title of each panel. The alignment signal decreases with redshift and is stronger
in the highest luminosity bin. Note that the black dotted line at wg+ = −20 Mpc indicates a change from logarithmic to linear scale in
the y-axis.
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Figure B3. wδ+ for elliptical galaxies in all luminosity bins as a function of redshift. We show results for both the simple (top row) and
reduced (bottom row) inertia tensor, as indicated in the title of each panel. The alignment signal decreases with redshift and is stronger
for the highest luminosty bin. The wδ+ results are fit with the NLA model in section 4 to obtain constraints on AI for ellipticals alone.
Figure B4. wδ+ for disc galaxies in all luminosity bins as a function of redshift. We show results for both the simple (top row) and
reduced (bottom row) inertia tensor, as indicated in the title of each panel.
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Figure B5. wg+ for the simple inertia tensor when different luminosity galaxies are used as density tracers (g) and shape tracers (+).
Solid black lines correspond to shape tracers with Mr 6 −22; red lines, to shape tracers with −22 < Mr 6 −21, and blue lines, to shape
tracers with −21 < Mr 6 −20. The top row corresponds to z = 0.06; the middle row, to z = 1.5 and the bottom row, to z = 3. Note
that the black dotted line indicates a change from logarithmic to linear scale in the y-axis.
